In this study we use micro-sampling techniques to explore diagenetic processes in carbonates.
INTRODUCTION
U-series isotopes in biogenic carbonates provide vital information in our understanding of past climate. The most important application is the use of U decay to Th and Pa providing two precise chronometers suited to dating climate events over the last few hundred thousand years [Broecker, 1963; Edwards et al., 1986; Stirling et al., 1995; Edwards et al., 1997] . In addition to dating, the uranium concentration ([U]) in carbonates has been used to constrain past water mass properties [Min et al., 1995; Shen & Dunbar, 1995; Russell et al., 2004] and uranium isotope variability has also been linked to past climate and weathering patterns [Robinson et al., 2004a] . To make full use of U-series isotopes in ancient carbonates we must understand the two key controls on the final, measured U-series distribution; the initial incorporation and any subsequent diagenesis.
Uranium is found as a trace metal in both calcite and aragonite [Djogic et al., 1987; Pingitore et al., 2002] . The octahedral shape of the tetravalent uranyl carbonate ion is, however, more readily included in the aragonite lattice than the calcite lattice {Reeder, 2000 #852}. The resulting high [U] in aragonite causes the skeletons of scleractinian corals to be ideally suited to precise U-series measurements. Shallow-water corals have a heterogeneous U distribution that typically follows the growth banding, and displays a negative correlation to growth temperature [Min et al., 1995] . This relationship can be complicated by a number of other parameters such as pH at the calcification site, carbonate ion concentration, or growth rate [Shen & Dunbar, 1995] . Modern shallow-water corals display two additional types of uranium heterogeneity that have not been linked to environmental controls: enrichment by up to a factor of two at septal edges and "random" small scale variations [Schroeder et al., 1970 ].
An obvious test of whether diagenesis affects the primary U-distribution is to compare modern and fossil samples of similar material. Modern corals have typical [U] of 2.0-3.5 ppm [Shen & Dunbar, 1995] . Within 1 kyr (thousand years) of death, the coral pores can become partially filled with aragonite that is enriched in uranium relative to the original coral skeleton [Lazar et al., 2004] . Swart & Hubbard (1982) showed that fossil corals had [U] up to 6 ppm in areas that had been affected by endolithic borings [Swart & Hubbard, 1982] . They also showed that dead, non-bioeroded corals soaked in concentrated U solutions developed U-enrichment along skeletal margins and trabecular centres, demonstrating a rapid diagenetic pathway for U-addition.
A second measure of diagenetic activity is the U isotope activity ratio ( of the seawater in which they grow (e.g. [Broecker & Takahashi, 1966; Robinson et al., 2004b] ).
This value is invariant throughout the water column [Cheng et al., 2000a] and has been constant (~146 ‰) to within ~ 10 ‰ over the last several hundred thousand years [Bard et al., 1991; Stirling et al., 1995; Henderson, 2002] . For a closed-system, the δ 234 U initial (δ 234 U initial = δ 234 Ue λt ) should be identical to that of the modern day [Edwards et al., 1986] . However, the δ
234
U initial values of fossil carbonates exhibit increasing scatter, and tend to be more elevated at greater ages (Figure 1 , e.g.
[ Bender et al., 1979; Henderson, 2002] . These differences have been attributed to diagenesis, and so the associated U-Th ages are potentially inaccurate [Gallup et al., 1994] . However, this indicator does not necessarily guarantee a reliable age, since paired U-Th and U-Pa ages can return different ages even with δ 234 U initial values that reflect seawater. Conversely, some concordant U-Th, U-Pa ages have δ
U initial values that are elevated or depleted [Cutler et al., 2003] . This observation means that we must look carefully at the processes of U-series re-distribution, gain and loss if we are to determine accurate ages.
A number of models have been developed to try and back-calculate meaningful ages from diagenetically-altered carbonates [Bender et al., 1979; Gallup et al., 1994; Henderson et al., 2001; Thompson et al., 2003; Villemant & Feuillet, 2003; Scholz et al., 2004] . Bender et al. (1979) and Gallup et al. (1994) Th from one sample to another. Th produced by decay in one coral may be adsorbed directly onto another coral, alternatively this Th, or Th produced in the pore water itself, may be transported by the pore waters and then adsorbed onto a secondary coral sample. Thompson et al (2003) [Adkins et al., 1998; Robinson et al., 2005] In addition to informing us about diagenetic processes in shallow-water scleractinian corals understanding the chemistry of deep-sea corals is important because of their intrinsic value as directly-datable high-resolution archives of deep-ocean variability [Smith et al., 1997; Adkins et al., 1998; Lomitschka & Mangini, 1999; Cheng et al., 2000a; Smith et al., 2000; Goldstein et al., 2001; Schroder-Ritzrau et al., 2003; Frank et al., 2004; Robinson et al., 2005] . In this study we use two approaches to test the assumptions made in dating biogenic carbonates; we compare whole-coral UTh isotope measurements from shallow-water and deep-sea corals and we map out the [U] and δ 234 U distribution from the 10s μm to cm scale in modern and fossil deep-sea corals over a 218 kyr time period.
METHODS
Multiple polished thin sections from two corals (modern and 33 ka) were mounted flush against micas and subjected to neutron bombardment to induce fission of 235 U [Murrell & Burnett, 1982] . equal-area boxes and counting the number of fission tracks using NIH-ImageJ software. The size of these boxes, 25x200 μm was chosen to give a minimum of 100 counts in low [U] areas with associated counting statistics of 10 % and an associated sample resolution of ~25 μm perpendicular to the banding. The isotropic production of fission products from a single 235 U atom can limit our spatial resolution by producing tracks on the mica in a wider area than the position of a point source. Based on an estimate of the path length of the fission products in aragonite we estimate our minimum spatial resolution to be about 10 μm.
Samples of ~1g were taken from each of 42 corals which were then physically and chemically cleaned to remove the coating ferromanganese crust [Cheng et al., 2000a] and spiked with a mixed 229 Th -
236
U. U and Th were separated and purified by anion-exchange chemistry [Edwards et al., 1986] . The spike was calibrated to a 2 s.d. uncertainty of 0.4 % using HU-1, a U-series standard close to secular equilibrium [Cheng et al., 2000b] . Th ratio of 12,500 ± 12,500 [Cheng et al., 2000a] .
Thick sections of one modern and six fossil corals of known age (10.9 ka, 14.8 ka, 16.2 ka, 43.9 ka, 83.0 ka and 218.5 ka) were polished and sampled by micro-milling to give sample masses of ~1 mg of CaCO 3 . Typical spatial resolutions were 100-400 μm perpendicular to the banding, with a drilling depth of ~400 μm (Figure 2 ). The difficulties of precise drilling mean that some samples intersect more than one type of mineral texture (Figure 2 ). Each sample was weighed, spiked using a pure 236 U spike, dissolved and taken through anion-exchange chemistry [Edwards et al., 1986] .
The purified uranium was re-dissolved in 5 % nitric acid and aspirated into the MC-ICP-MS [Robinson et al., 2005 ]. 
RESULTS
D. dianthus has a complex banding pattern which is controlled by the calcification of the coral and is apparent both visually [Lazier et al., 1999] and in some aspects of its chemical composition e.g.
[ Adkins et al., 2003] . 
DISCUSSION
We use the evidence of coherent, primary [U] heterogeneity coupled with development of δ 234 U initial gradients over time to model the internal, closed-system processes that affect the distribution of U and Th within the carbonate structure. These processes are radioactive decay, direct transfer of alpha-recoil decay products and diffusion. With no net loss or gain of U or Th, the age and δ 234 U initial of the whole coral will not be affected.
We then investigate open-system behaviour that does have the potential to alter the apparent whole-coral age.
We test the sensitivity of these diagenetic processes using a simple box model applied to an "artificial' coral ( Figure 9 ). This artificial coral has 25 parallel 50 μm-width boxes whose initial boundary conditions reflect our modern observations i. (Figures 10a-d) . The model is then tested on five real coral sections that exhibit both closed and open-system U-series systematics.
Closed-system U and Th processes:
Radioactive decay and alpha recoil: The most obvious closed-system process is radioactive decay, governed by the activity of the isotopes. The energy produced by an alpha decay gives recoil momentum to the alpha particle and also to the daughter isotope, which has an expected recoil length scale (L R ) on the order 0.1 μm [Kigoshi, 1971] . The amount of 234 Th and 230 Th that is affected by recoil-momentum is controlled by the activity of the respective parent isotopes (Figure 10a ). This is not a strictly closed-system process because daughter isotopes can be expelled from the edges of the coral, but the small number of atoms expelled has a negligible effect on the whole-coral δ 234 U initial or age. [Li & Gregory, 1974] and ranges from ~5-120 μm 2 yr -1 in ferromanganese crusts [Henderson & Burton, 1999] . These rates are both many orders of magnitude greater than solid-state diffusion and suggest a mechanistic role for pore fluids (water has a diffusion coefficient of ~ 1000 μm 2 yr -1 [Li & Gregory, 1974] The 44 ka coral model results are remarkably similar to the observations, both spatially and in total δ 234 U initial range (Figure 12a ). During sampling of the 83 ka coral we did not achieve 100 % recovery on some of the powder samples, leading to inaccurate [U] (Table 2) , so the initial boundary conditions are not as well constrained in this sample. However, assuming a reasonable
[U] distribution and applying the model returns a spatial pattern and δ 234 U initial range that is, again, very similar to the observations (Figure 11b ). This test of the model confirms that the closed-system processes of decay, direct alpha-recoil transfer and alpha-recoil diffusion are important in controlling U distribution within a single coral.
Open-system behaviour
There is clear evidence of open-system behaviour in our sample set from fission tracks, micromilling and whole-coral analyses. In the following discussion we investigate the effects of adding uranium via three distinct mechanisms. show that the contrast between the minimum and maximum [U] is reduced from a factor of >3 to ~2 over 33 ka, but we do not know how rapidly this process takes place. In all micro-milled samples from modern back to 218 ka this contrast is approximately a factor of 2, which reflects, in part, the inherent bias when micro-sampling across several 100s μm, but may also reflect early U-addition.
Shallow-water coral studies have shown rapid diagenetic pathways for U [Swart & Hubbard, 1982] so we assume that U-addition takes place soon after death and use the measured [U] concentrations for setting the initial boundary conditions. [Henderson & Burton, 1999; Neff et al., 1999] . However, the coatings associated with deep-sea corals have much lower [U] ranging from 2.9-6.1ppm [Lomitschka & Mangini, 1999; Cheng et al., 2000a; Schroder-Ritzrau et al., 2003] . 
Simultaneous addition of

Applicability to shallow-water corals:
This study is based on deep-sea scleractinian corals, but shallow-water corals also have primary [U] gradients, are subject to bioerosion and display a similar whole-coral U-Th isotopic distribution (Figure 1 ). The processes described in this model are, therefore, likely to be important for shallow-water corals, particularly for those samples that have spent most of their diagenetic history submerged in seawater [Bard et al., 1990b; Toscano & Lundberg, 1999] . Without a detailed knowledge of the U-Th distribution within a specific sample it is not, however, possible to convert closed-system ages to open-system ages
Conclusions
The presence of [U] heterogeneity within carbonates can lead to the development of large isotopic gradients. The physical processes that cause these gradients are direct transfer of alpha-recoil (Table 1) and ( [Robinson et al., 2005; Eltgroth et al., submitted] ). Shallow-water coral data are from [Bard et al., 1990a; Bard et al., 1990b; Szabo et al., 1994; Cutler et al., 2003; Thompson et al., 2003] . The solid grey line shows the isotopic evolution of a closed-system starting with a ( . Figure 7a compares analyses made on whole chunks of coral (Table 2) to the micro-milled slices in Table 1 .
The similarity of the two distributions is suggestive of the same processes being responsible on both 0.1-10mm scales. Figures 7b and c show the micro-milled data in more detail. Figure U are from [Cheng et al., 2000b] . Th is not subject to alpha-recoil diffusion because Th is much less mobile than U in this type of environment. 
